SUMMARY We studied transient entrainment and interruption of atrioventricular (AV) bypass pathway-type paroxysmal atrial tachycardia in 15 patients during overdrive pacing from selected atrial sites. Overdrive atrial pacing at less than a critically rapid rate for interruption transiently entrained the tachycardia. Transient entrainment was due to repeated early entrance of the wave front from the pacing impulse into the reentry loop in both antidromic and orthodromic directions. The antidromic wave front of each pacing impulse was repeatedly blocked as it collided with the orthodromic wave front of the previous beat, in effect extinguishing the tachycardia. However, the early entrance of the orthodromic wave front of each pacing impulse repeatedly reset the tachycardia. The result was that during transient entrainment, the tachycardia rate increased to the pacing rate. Interruption of the tachycardia occurred when overdrive pacing produced block within the reentry loop of both the antidromic and orthodromic wave fronts of the same pacing impulse, the block occurring either at separate sites within the reentry loop or at the same site. Atrial fusion beats were demonstrated during transient entrainment in nine patients and resulted from intraatrial collision of the antidromic wave front from the pacing impulse with the orthodromic wave front of the previous beat. The presence offusion beats depended critically on the relationship of the pacing site to the reentry loop and the duration of conduction around the reentry loop, particularly through the area of slow conduction.
SUMMARY We studied transient entrainment and interruption of atrioventricular (AV) bypass pathway-type paroxysmal atrial tachycardia in 15 patients during overdrive pacing from selected atrial sites. Overdrive atrial pacing at less than a critically rapid rate for interruption transiently entrained the tachycardia. Transient entrainment was due to repeated early entrance of the wave front from the pacing impulse into the reentry loop in both antidromic and orthodromic directions. The antidromic wave front of each pacing impulse was repeatedly blocked as it collided with the orthodromic wave front of the previous beat, in effect extinguishing the tachycardia. However, the early entrance of the orthodromic wave front of each pacing impulse repeatedly reset the tachycardia. The result was that during transient entrainment, the tachycardia rate increased to the pacing rate. Interruption of the tachycardia occurred when overdrive pacing produced block within the reentry loop of both the antidromic and orthodromic wave fronts of the same pacing impulse, the block occurring either at separate sites within the reentry loop or at the same site. Atrial fusion beats were demonstrated during transient entrainment in nine patients and resulted from intraatrial collision of the antidromic wave front from the pacing impulse with the orthodromic wave front of the previous beat. The presence offusion beats depended critically on the relationship of the pacing site to the reentry loop and the duration of conduction around the reentry loop, particularly through the area of slow conduction.
The data from this study suggest that (1) if one can demonstrate constant fusion beats during transient entrainment of a tachyarrhythmia except for the last transiently entrained beat; or (2) if during transient entrainment of a tachyarrhythmia at two or more different pacing rates, one can demonstrate constant fusion at each of the different pacing rates, but different degrees of fusion at the different rates; or (3) if interruption of a tachyarrhythmia by overdrive pacing is associated with localized conduction block to a site followed by activation of that site by the next pacing impulse from a different direction and with a shorter conduction time, then the underlying mechanism of the arrhythmia can be best explained by reentry.
PAROXYSMAL atrial tachycardia that involves antegrade conduction from the atria through the atrioventricular (AV) node-His-Purkinje system to the ventricles with retrograde conduction from the ventricles via an AV bypass pathway back to the atria is the best understood example of putative reentrant rhythms.1A
This arrhythmia is often found in patients with the Wolff-Parkinson-White syndrome and in patients with a so-called concealed AV bypass pathway, i.e., one that conducts only in the retrograde direction. The many types of treatment for this arrhythmia include its interruption by overdrive cardiac pacing. ' We have found that overdrive pacing used to interrupt paroxysmal atrial tachycardia of this variety has much in common with our earlier descriptions of overdrive pacing to interrupt classic (type I) atrial flutter,5 ventricular tachycardia' 9, 10, 11 and ectopic atrial tachycardia,5 '9 12 From the Department of Medicine and the Cardiovascular Research and Training Center, the University of Alabama in Birmingham, School of Medicine, Birningham, Alabama. Supported in part by USPHS program project grant HL1 1-310 and SCOR for Ischemic Heart Disease grant HL17-667, NHLBI. i.e., at overdrive pacing rates slower than a critically rapid rate, it demonstrates transient entrainment.
We have defined transient entrainment of a tachycardia with overdrive pacing as an increase in the rate of all tissue of the cardiac chamber being paced to the pacing rate (which is faster than the intrinsic rate of the tachycardia), with resumption of the intrinsic rate of the tachycardia upon either abrupt cessation of pacing or slowing of the pacing rate below the intrinsic rate of the tachycardia. ' Using standard techniques,l 143-16 catheter electrodes were routinely placed in the high right atrium, His bundle position, right ventricle and, in all but two patients, in the coronary sinus, and were used selectively to record electrograms and to pace the heart. In eight patients, an additional catheter was placed in the low lateral right atrium, in one patient, a catheter electrode was placed in the inferior left atrium through a patent foramen ovale, and in another patient, a catheter electrode was also placed in the right pulmonary artery to record activation from the superior left atrium. "1 In all instances, at least one ECG (lead II) was recorded simultaneously along with electrograms from all recording sites. Whenever possible, ECG leads I, III, and V1 were also recorded. All electrograms were recorded between a bandpass of 12-500 Hz except the His bundle electrogram, which was recorded between a bandpass of 40-500 Hz. All ECGs were recorded between a bandpass of 0.1-50 Hz or 0.1-500 Hz.
After the paroxysmal atrial tachycardia was initiated with standard cardiac pacing techniques, rapid atrial pacing was used to overdrive the tachycardia. Pacing was performed from the high right atrium and coronary sinus in eight patients, from the low right atrium and coronary sinus in one patient, only from the high right atrium in three patients, only from the inferior left atrium in one patient, only from the coronary sinus in one patient, and only from the low right atrium in one patient. Atrial pacing with a Medtronic 1349A programmable stimulator was initiated at a rate of about 5-10 beats/min faster than the spontaneous rate, continued for at least 5 seconds, and then terminated abruptly. If the tachycardia was not interrupted, atrial pacing from the same site was again initiated, but with an increment in rate of 5-10 beats/min. This procedure was repeated until the tachycardia was interrupted. This pacing procedure varied somewhat from patient to patient, as determined by the clinical status and requirements during each study. If second-degree AV block developed during pacing, termination of pacing was attempted after a nonconducted atrially paced beat. This was occasionally difficult, especially in the presence of relatively long Wenckebach cycles. In such instances, the pacing rate was increased by an additional 5-10 beats/min to get a higher degree of second-degree AV block, making termination of pacing after an AV nodally blocked beat easier. The lowest atrial pacing rate that produced second-degree AV nodal block was considered to be the rate that interrupted the tachycardia.
All electrograms and ECGs were recorded simultaneously on photographic paper using an Electronics for Medicine DR-12 switched-beam oscilloscopic recorder. The data also were recorded simultaneously on a figure 1 . The activation wave front passes orthodromically from the atria to the AV node where conduction is slow (AH interval = 152 msec), and then through the His-Purkinje system to the ventricles. Activation then proceeds from the ventricles retrogradely to the atria through the leftsided AV bypass pathway, so that the earliest atrial activation is in the region of the coronary sinus recording site, confirming the presence of a left-sided AV bypass pathway. '4 In this patient, rapid atrial pacing from the distal pair of the high right atrial electrode catheter at rates of 180, 185, and 190 beats/min transiently entrained the tachycardia. Figure 2B shows transient entrainment during pacing at 195 beats/min. During pacing at this rate, the beat-to-beat cycle length recorded at all atrial sites is identical to that for the pacing rate, fulfilling one criterion for transient entrainment: that during overdrive pacing, there is an increase in the rate of all tissue of the cardiac chamber being paced to the pacing A A I rate. The AV nodal conduction time has prolonged to 207 msec. Figure 3A shows cessation of overdrive pacing at 195 beats/min, with prompt resumption of the paroxysmal atrial tachycardia at its previous spontaneous rate, fulfilling the other criterion for transient entrainment: that with abrupt cessation of pacing, the tachycardia resumes at its intrinsic rate. The last entrained atrial beat (asterisk) at the high right atrial site, the low lateral right atrial site, and the His bundle site immediately follows the last stimulus artifact, but the last entrained beat at the coronary sinus site is one cycle length beyond the last stimulus artifact. This interpretation is supported by two points. First, with cessation of pacing, there is a long pause at a cycle length that clearly exceeds the pacing cycle length at all recording sites except the coronary sinus site, where the cycle length one beat beyond the last pacing cycle is identical to the pacing cycle length. Not until the subsequent cycle does the coronary sinus cycle length exceed the pacing cycle length. Second, the morphology of the atrial complexes recorded at all sites during pacing is different from that during paroxysmal atrial tachycardia except at the coronary sinus site, where it is the same. This indicates that the coronary sinus site is being activated by a wave front coming from the same direction during pacing as during the spontaneous arrhythmia, whereas the other atrial recording sites are being activated from a different direction during pacing than during the spontaneous arrhythmia. Thus. both during spontaneous tachycardia ( fig. 2A ) and during pacing from the high right atrium (figs. 2B and 3A), the coronary sinus site is being activated in a retrograde direction via the AV bypass pathway, i.e., orthodromically in the reentry loop.
During the period of pacing from the high right atrium, there is fusion of atrial activation, part of the atria being activated in a retrograde direction via the AV bypass pathway and part activated directly by a wave front from the pacing site. However, with the last entrained beat in the region of the coronary sinus (third beat in fig. 3A) , there is no longer atrial fusion, as the normal sequence of activation during the spontaneous tachycardia resumes. The absence of atrial fusion during the last entrained beat is further confirmed in the ECG: positive P waves immediately follow each QRS complex in figure 2B and the first and second QRS complexes in figure 3A , resulting from fusion of atrial activation, but disappear after the third QRS complex in figure 3A because the latter P wave, although entrained, results from retrograde atrial activation. Thus, figure 3A illustrates transient entrainment of paroxysmal atrial tachycardia that is associated with atrial fusion except for the last entrained beat. It also illustrates that a long pause recorded at several atrial sites immediately after cessation of atrial pacing does not reflect overdrive suppression. Furthermore, the presence of atrial fusion during transient entrainment clearly distinguishes transient entrainment from simple overdrive pacing of the heart. Figure 4 illustrates the cardiac activation sequence consistent with the data during high right atrial pacing at a rate of 195 beats/min. The wave front produced by each pacing impulse enters and preexcites the reentry loop orthodromically, but also enters and preexcites the reentry loop antidromically. The antidromic wave front from the pacing impulse collides in the atria with the orthodromic wave front of the preceding beat, resulting in extinction of the reentrant wave front and producing fusion of atrial activation. However, the pacing impulse that enters and preexcites the reentry loop in the orthodromic direction continues, and, in PACE ATRIA LAS AV Node 'T PA fact, resets the tachycardia. This sequence is repeated with each pacing impulse, with a consequent increase in the rate of the paroxysmal atrial tachycardia to the pacing rate. Figure 4 also illustrates the cardiac activation sequence consistent with the data after abrupt cessation of pacing at 195 beats/min. The last pacing impulse enters the reentry loop antidromically and orthodromically, as just described. However, this time, when the orthodromic impulse reenters the atria in a retrograde direction, it is unopposed by any antidromic wave front because pacing has ceased. This unopposed orthodromic wave front then continues the paroxysmal atrial tachycardia, but now at its spontaneous rate. Also, because there is no antidromic wave front, there is no atrial fusion associated with this last orthodromically entrained beat. We believe that these observations -the demonstration of fusion during transient entrainment except during the last entrained beat when there is no fusion -may be a hallmark for establishing reentrant rhythms. Figure 3B illustrates cessation of rapid atrial pacing at a rate of 205 beats/min, followed once again by resumption of the paroxysmal atrial tachycardia. An asterisk denotes the last entrained beat at each site. During pacing at this still faster rate, the coronary sinus is now activated in an antidromic direction. This is apparent from two observations. First, the morphology of the atrial complex from the coronary sinus, although superimposed on the ventricular complex, is clearly different from that seen during retrograde activation of this site. In fact, it is the same as that seen during overdrive pacing of sinus rhythm when pacing from the same high right atrial site and, parenthetically, makes transient entrainment during atrial pacing at this rate virtually indistinguishable from simple overdrive capture of the heart. Second, the cycle length one beat beyond the last paced beat is longer than the pacing cycle length. However, because the last paced beat is conducted orthodromically to the ventricles and then retrogradely to the atria via the AV bypass pathway, it also activates the atria in the region of the coronary sinus orthodromically, with consequent continuation of the paroxysmal atrial tachycardia. As in figure 3A , the long pause at the several atrial recording sites, this time including the coronary sinus site, that immediately follows cessation of rapid atrial pacing mimics, but does not reflect, overdrive suppression. The change from orthodromic activation of the coronary sinus at a pacing rate of 195 beats/min to antidromic activation at a rate of 205 beats/min is associated with an increase in the AH interval from 207 msec ( fig.  3A) to 264 msec (fig. 3B ), i.e., is associated with a further prolongation of conduction time through the area of slow conduction within the reentry loop. Figure 5 illustrates the cardiac activation sequence consistent with the data during atrial pacing at 205 beats/min. Because at this faster pacing rate the pacing cycle length is shorter than before, the wave front from each pacing impulse enters the reentry loop even earlier, and AV nodal conduction time is even longer. (As noted in figure 3 , the AH interval increased by 57 msec when the pacing rate was increased from 195 to 205 beats/min.) These factors permit the antidromic wave front of each pacing impulse to reach the region of the coronary sinus before the orthodromic wave front of the previous beat. Because the antidromic wave front from the pacing impulse (X + 1) prevents the orthodromic wave front of the previous beat (X) from activating the atria, there is no longer atrial fusion during rapid atrial pacing. However, as shown in figure 5 , with cessation of pacing, the orthodromic wave front from the last paced beat comes around the reentry loop, but this time is unopposed when it reaches the AV bypass pathway. The result is retrograde conduction to the atria with continuation of the paroxysmal atrial tachycardia. Figure 6 shows cessation of pacing at a rate of 225 beats/min. The last entrained beat at each recording site is indicated by an asterisk. Atrial fusion occurred in nine patients and always resulted from intraatrial collision of the antidromic wave front of the pacing impulse with the orthodromic wave front from the preceding beat. The atrial fusion was critically related to conduction time from the atrial pacing site to the atrial recording sites and to slow conduction within the reentry loop, i.e., to slow conduction in the AV node (figs. [3] [4] [5] .
Some additional observations regarding fusion during transient entrainment of AV bypass pathway paroxysmal atrial tachycardia should be noted. First, only atrial fusion was encountered. In the four patients with AV bypass pathways capable of retrograde conduction figure 2 at the termination of overdrive pacing of the paroxysmal atrial tachvcardia from the distal pair of electrodesfrom the high right atrial electrode catheter at the same cvcle length as infigure 6 . This episode was recorded just before that shown in figure 6 . This time, because the last paced atrial beat was conducted orthodromically through the specialized atrioventricular conduction system, the tachycardia was not interrupted, i.e., it resumed promptly upon termination ofpacing. In the recordings from the coronarv sinus site, the arrows pointfrom the last stimulus to the atrial complexes that resultfrom that stimulus. The asterisk indicates the last transiently entrained beat at each recording site. S text for discussion.
follow the orthodromic wave front of the last atrial pacing impulse. The other and most frequent type (12 patients) was the development of block of the antidromic and orthodromic wave fronts of the same pacing impulse at two separate sites: block of the antidromic wave front at or in the AV bypass pathway and block of the orthodromic wave front at or in the AV node. There were two subsets of this type. In one subset, consisting of nine patients, it was critical to terminate atrial pacing immediately after block of the orthodromic wave front in the AV node, or the tachycardia would not be interrupted (figs. 6 and 7). This is because the orthodromic wave front from the next pacing impulse simply restarted the tachycardia. In the other subset, consisting of three patients, termination of pacing at any time after block of the orthodromic wave front in the AV node resulted in successful interruption of the tachycardia ( fig. 8) .
Several important points become apparent upon analysis of the latter subset. After the development of block of the antidromic and orthodromic wave fronts from the same pacing impulse as just described above, the antidromic wave front of the next pacing impulse was now free to conduct to the ventricles via the AV bypass pathway (fig. 8 ). This was because the orthodromic wave front from the previous beat that had been colliding with the antidromic wave front of the pacing stimulus artifact. Time lines are at I -second intervlals. See impulse was no longer present (it had been blocked in the AV node), and confirms our explanation that during the period of transient entrainment, the antidromic wave front of each pacing impulse collides with the orthodromic wave front of the preceding beat. Furthermore, for all subsequent pacing impulses, antegrade conduction to the ventricles via the AV bypass pathway continued ( fig. 8) , resulting in continued block of the antidromic and orthodromic wave fronts of the same pacing impulse, either in the ventricles or within the specialized AV conduction system. Thus, for this subset, as soon as second degree AV block developed, the tachycardia remained interrupted, even if antegrade conduction subsequently occurred over the AV node during pacing at the same rate. Figure 8 illustrates another point that we believe may become a marker of reentry: the demonstration that interruption of the tachycardia is associated with localized block of one beat of the pacing impulse to a site (in this case the ventricles) followed by activation of that site by the next pacing impulse, but from a different direction than previously (in this case via the AV bypass pathway) and with a shorter conduction time than previously (in this case, 152 msec decreased from 379 msec).
Discussion
These data demonstrate that during transient en- with each beat until atrioventricular (AV) block occurs after the sixth beat (star). The seventh and subsequent paced beats are again conducted to the ventricles, but primarily antegrade over the AV bypass pathway; the last three QRS complexes are probably entirely the result ofthat conduction. Upon termination ofpacing, sinus rhythm resumes. Note that the time line partially obscures the r' ofthe QRS complex ofthe seventh beat. In the recordings from both coronary sinus sites, the arrowsfrom each stimulus artifact point to an atrial complex that resultsfrom that stimulus. The first conduction interval from the stimulus artifact to atrial activation at each coronary sinus site is long, and it prolongs with the next stimulus. Both of these intervals reflect activation of the coronary sinus region by the orthodromic wave front of the pacing impulse, and indicate the presence of atrial fusion. The prolongation of this interval (stimulus to coronary sinus) results from prolongation of conduction of the orthodromic wavefront ofthe pacing impulse through the area ofslow conduction (the AV node). The orthodromic wave front of the third pacing impulse fails to activate the atrial tissue at this recording site (indicated by the blocked arrows). This is because AV nodal conduction became so prolonged that the antidromic wave front of the fourth pacing impulse reached the atrial tissue at the coronary sinus sites earlier than the orthodromic wavefront of the third pacing impulse. This change in activation sequence is also reflected by a clear change in the morphology of the atrial complex recorded at this site. Subsequent pacing impulses continue to activate the atrial tissue at the coronary sinus site from the same "antidromic" direction. S = stimulus artifact. We have previously demonstrated transient entrainment and interruption of classic (type I) atrial flutter and some types of ventricular tachycardia and ectopic atrial tachycardia.5-12 Although these other arrhythmias differ from AV bypass pathway-type tachycardia, the basic nature of transient entrainment and interruption of these tachyarrhythmias by overdrive cardiac pacing is probably similar. Thus, extrapolation from the observations of the present study to those during transient entrainment and interruption of other tachyarrhythmias helps to explain several observations:
(1) The critically rapid pacing rate required for overdrive interruption of type I atrial flutter and for some types of ventricular tachycardia and ectopic atrial tachycardia5-12. 19 20 is apparently required to achieve block of both the antidromic and orthodromic wave fronts of the same pacing impulse within the reentry loop. (2) The critical duration of pacing required at the critically rapid pacing rate, particularly evident for interruption of type I atrial flutter,5 appears to be explained in part by the time required to develop block of the orthodromic wave front from the pacing impulse ( fig. 8) . (3) The localized conduction block to the inferior left atrium of the orthodromic wave front of one pacing impulse with the subsequent activation of this site from a different direction and with a shorter conduction time and with the appearance of a positive P wave in ECG lead LI, all associated with the interruption of type I atrial flutter during overdrive pacing from the high right atrium,5-9. 21 appears to be explained by the example of the interruption of the tachycardia shown in figure 8 . (4) The presence of fusion beats during transient entrainment of other tachyarrhythmiaS5 12 2123 is explained by the collision of the antidromic wave front from the pacing impulse with the orthodromic wave front of the preceding beat. Although the degree of fusion at each pacing rate is constant, providing conduction times during pacing are constant, different degrees of fusion at different overdrive pacing rates, i.e., progressive fusion, are explained by different degrees of penetration into the reentry loop by the antidromic wave front of the pacing impulse at the different pacing rates (the faster the overdrive pacing rate, the greater the antidromic penetration).
Importance of Fusion Beats for the Demonstration of Transient Entrainment
Transient entrainment without any demonstrable fusion beats, in some cases even at any overdrive pacing rate, was demonstrated in the present study and was related to conduction time through the various portions of the reentry loop (particularly through the area of slow conduction), to conduction time from the pacing site to the various portions of the reentry loop, and to conduction block at a site in the reentry loop other than whose intrinsic rhythm is generated by any mechanism.
The inability to demonstrate any of the components of the hypothesis during overdrive pacing of a tachyarrhythmia does not, however, mean that the tachycardia is not due to a reentry mechanism or that no transient entrainment took place during overdrive pacing. Neither transient entrainment nor interruption of a tachyarrhythmia may be possible if the tachyarrhythmia is due to the leading circle type of reentry33"-in 82 CIRCULATION
